The present study was conducted to compare the supplementation of natural (D-α-tocopherol) and synthetic (DL-α-tocopherol acetate) vitamin E on the growth performance, meat quality, muscular antioxidant capacity and genes expression related to oxidative status of broilers. A total of 144 1 day-old Arbor Acres broiler chicks were randomly allocated into 3 groups with 6 replicates of 8 birds each. Birds were given a basal diet (control group), and basal diet supplemented with either 20 IU D-α-tocopherol or DL-α-tocopherol acetate for 42 days, respectively. The results indicated that treatments did not alter growth performance of broilers (p>0.05). Compared with the control group, concentration of α-tocopherol in the breast muscle was increased by the supplementation of vitamin E (p<0.05). In the thigh, α-tocopherol content was also enhanced by vitamin E inclusion, and this effect was more pronounced in the natural vitamin E group (p<0.05). Vitamin E supplementation increased the redness of breast (p<0.05). In the contrast, the inclusion of synthetic vitamin E decreased lightness of thigh (p<0.05). Dietary vitamin E inclusion reduced drip loss at 24 h of thigh muscle (p<0.05), and this effect was maintained for drip loss at 48 h in the natural vitamin E group (p<0.05). Broilers given diet supplemented with vitamin E showed decreased malondialdehyde (MDA) content in the breast (p<0.05). Additionally, natural rather than synthetic vitamin E reduced MDA accumulation in the thigh (p<0.05). Neither natural nor synthetic vitamin E supplementation altered muscular mRNA abundance of genes related to oxidative stress (p>0.05). It was concluded that vitamin E supplementation, especially the natural vitamin E, can enhance the retention of muscular α-tocopherol, improve meat quality and muscular antioxidant capacity of broilers.
INTRODUCTION
Lipid oxidation is one of the major causes of quality deterioration in meat and meat products. This oxidation can lead to serious consequences for meat quality, including the production of off-flavors and odors, reduction of polyunsaturated fatty acids, fat-soluble vitamins and pigments, lower consumer acceptability, and the generation of compounds such as peroxides and aldehydes which may be toxic (Morrissey et al., 1994) . Vitamin E as a lipid component of biological membranes is known to be a major chain-breaking antioxidant (Sahin et al., 2002) . Various studies have demonstrated that vitamin E can improve meat quality and inhibit lipid oxidation of muscles in broilers (O'neill et al., 1998; Voljč et al., 2011; Rey et al., 2015) .
Eight naturally occurring substances have been found to have vitamin E activity: α-, β-, γ-, and δ-tocopherols and α-, β-, γ-, and δ-tocotrienols (Voljč et al., 2011) . Of these the α-tocopherol is the most biologically active and most widely distributed form (Halliwell and Gutteridge, 2000) . This molecule possesses three centers where stereoisomers can occur, and the naturally occurring molecule is the D-α-tocopherol (RRR-α-tocopherol) configuration that has the highest vitamin activity (McDonald et al., 2011) . Synthetic1 Jiangsu Wilmar Spring Fruit Nutrition Products Co., Ltd. Taixing 225434, China.
Submitted Oct. 1, 2015; Revised Nov. 15, 2015; Accepted Jan. 15, 2016 consisting of all eight possible stereoisomers is commonly used as a vitamin E supplement in poultry feeds. Previous studies have shown that D-α-tocopherol exhibited a superior bioavailability than the synthetic DL-α-tocopherol acetate in retaining in tissues (Lauridsen et al., 2002) , alleviating lipopolysaccharide-induced inflammatory response (Kaiser et al., 2012) , and improving meat quality and muscular antioxidant capacity (Boler et al., 2009; Voljč et al., 2011; Rey et al., 2015) . However, in broilers, limit was known about the use of D-α-tocopherol as an alternative for the synthetic vitamin E on the muscular oxidative status, and especially meat quality and muscular mRNA abundance of genes involved in antioxidant system. The present study was therefore conducted to compare the supplementation of D-α-tocopherol and DL-α-tocopherol acetate on the growth performance, meat quality, muscular antioxidant capacity and genes expression related to oxidative status of broilers.
MATERIAL AND METHODS

Experimental design, diets and management
All experimental conditions and animal procedures were approved by Nanjing Agricultural University Institutional Animal Care and Use Committee. A total of 144 1 day-old Arbor Acres broiler chicks obtained from a commercial hatchery (Hewei Co., Ltd, Anhui, China) were randomly allocated into 3 groups with 6 replicates of 8 birds each (one replicate per cage, 4 males and 4 females per cage). Birds were given a basal diet (control group), and basal diet supplemented with either 20 IU D-α-tocopherol or DL-α-tocopherol acetate for 42 days, respectively. D-α-tocopherol was provided by Jiangsu Wilmar Spring Fruit Nutrition Products Co., Ltd. (Taixing, Jiangsu, China) with the purity of 6%. DL-α-tocopherol was purchased from Zhejiang NVB Co., Ltd (Xinchang, Zhejiang, China), and the purity was 50%. The basal diet was formulated according to the NRC (1994) to meet the nutrient requirements of the broiler. The analyzed α-tocopherol in the basal grower (1 to 21 day) and finisher (22 to 42 day) diet was 7.12 and 8.96 mg/kg, respectively. Formulation and nutrient level of basal diet are presented in Table 1 . Birds had free access to mash feed and water in 3-layer cages in a temperature-controlled room with continuous lighting. The temperature of the room was maintained at 32°C to 34°C for the first 3 day and then reduced by 2°C to 3°C per week to a final temperature of 20°C. At 21 and 42 day of age, birds were weighed after feed deprivation for 12 h with water being provided ad libitum. Feed intake was recorded by replicate (cage) to calculate average daily feed intake (ADFI), average daily gain (ADG), and feed/gain ratio (F:G). Birds that died during the experiment were weighed, and the data were included in the calculation of F:G.
Sample collection
At the end of experiment (42 day), 18 male broilers (1 bird per cage) were randomly selected and weighed after withdrawal of feed for 12 h. Birds were killed by cervical dislocation after bleeding from jugular veins. About 3 g breast and thigh samples were then immediately collected and stored at -80°C for further mRNA abundance determination and antioxidant parameters. After that, breast and thigh muscles were excised for meat quality measurement. The left-side muscle was used for the assay of pH value and meat color, and the right-side muscle was used to determine drip loss and cooking loss.
Meat quality assay
The meat color was measured at 24 h postmortem by a colorimeter (Minolta CR-10, Konica Minolta Sensing, Osaka, Japan) according to CIELAB system (L* = lightness; a* = redness; b* = yellowness). The pH values of muscles at 45 min (pH 45 min ) and 24 h (pH 24 h ) postmortem were measured at a 1 cm depth using a pH meter (HI9125, HANNA Instruments, Clujnapoca, Romania). Drip loss of muscle was measured according to method of Zhang et al. (2015) . Briefly, around size of 3 cm (length)×2 cm (width)×1 cm (thickness) muscle samples trimmed of adjacent fat and connective tissues were weighed, suspended in plastic bag, sealed, and stored at 4°C for 24 h and 48 h. After 24 h and 48 h at 4°C, the samples were reweighed to calculate drip loss. For the determination of cooking loss, approximately 15 g muscle sample was weighed, held in plastic bags, and immersed in a water bath at 80°C until the internal temperature reached 75°C. After that, samples were reweighed to calculate the drip loss of muscle after cooling to room temperature.
Preparation of muscular homogenate
Approximately 0.3 g of muscle samples were homogenized (1:4, wt/vol) with ice-cold 154 mmol/L sodium chloride solution using an Ultra-Turrax homogenizer (Tekmar Co., Cicinati, OH, USA), and then centrifuged at 4,550 g for 15 min and at 4°C. The supernatant was used for determination of α-tocopherol and antioxidant parameters.
Measurement of α-tocopherol
Muscular α-tocopherol was determined according to the method described by Zhang et al. (2009) with modifications. In detail, a 2% solution pyrogallol in ethanol was slowly added to (5 mL) muscular homogenate (0.5 mL) while mixing, and the mixture was then heated for 2 min in a 70°C shaking water bath. Then, 0.25 mL of saturated KOH was added to the mixture. The mixture was heated again in a 70°C shaking water bath for 30 min and next placed in an ice bath after saponification. Hexane (2 mL) and water (0.5 mL) were added to the saponified samples, which were then shaken vigorously for 2 min. After that, 1 mL of the hexane layer was transferred to a 4-mL glass test tube for analysis. Standards solutions of α-tocopherol were also prepared. A 0.2% bathophenanthroline solution (200 μL) was then added to all the samples and thoroughly mixed. 200 μL of 1 mmol/L FeCl 3 solution was added and samples were vortexed. After 1 min, 200 μL of an H 3 PO 4 solution was added and vortexed again. Absorbance of final solutions was read on a spectrophotometer at 534 nm (Mapada Instruments Co., Ltd., Shanghai, China). The standard curve was used to calculate the concentration of α-tocopherol in each sample. The concentrations of α-tocopherol were expressed as microgram per gram of fresh muscle.
Determination of antioxidant parameters
Muscular homogenate was used to determine the activities of total antioxidant capacity (T-AOC), total superoxide dismutase (T-SOD) and glutathione peroxidase (GSH-PX), and the content of malondialdehyde (MDA) and total protein by commercial kits according to the instructions of the manufacture (Nanjing Jiancheng Institute of Bioengineering, Nanjing, Jiangsu, China). T-AOC was measured based on the method of Benzie and Strain (1996) . One unit of T-AOC was defined as the amount of enzyme per milligram protein which would increase the absorbance by 0.01 at 37°C in 1 min. The activity of SOD was determined using the hydroxylamine method (Ōyanagui, 1984) , and one unit of SOD activity was defined as the amount of enzyme per milligram protein of muscle that produced 50% inhibition of the rate of nitrite generation at 37°C. GSH-PX activity was determined by dithio-nitro benzene method (Hafeman et al., 1974) , and one unit of GSH-PX activity was defined as the amount of enzyme per milligram protein that would catalyze the conversion of 1 µmol/L of reduced glutathione to oxidized glutathione at 37°C in 5 min. MDA concentration was measured using thiobarbituric acid method (Placer et al., 1966) . All results were normalized against total protein concentration in each sample for inter-sample comparison.
Total RNA isolation and mRNA quantification
The abundance of muscular mRNA was measured according to method of Zhang et al. (2014) . RNA was isolated by a TRIzol reagent (TaKaRa Biotechnology, Dalian, Liaoning, China) from muscle sample (breast and thigh) according to protocol of manufacturer. The concentration of RNA and its purity were determined from OD260/280 readings (ratio>1.8) using a NanoDrop ND-1000 UV spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). After that, 1 μg of total RNA was reverse-transcribed into cDNA using the PrimeScript RT reagent kit (TaKaRa Biotechnology, China) according to the instructions of manufacturer. Real-time polymerase chain reaction (PCR) was carried out on an ABI StepOnePlus Real-Time PCR system (Applied Biosystems, Grand Island, NY, USA) according to the manufacturer's guidelines. The primer sequences for the target and reference genes (nuclear factor erythroid 2-related factor 2 [Nrf2], heme oxygenase 1 [HO-1], superoxide dismutase 1 [SOD1], glutathione peroxidase 1 [GPX1], and β-actin) are shown in Table 2 . In detail, the reaction mixture was prepared using 2 μL of cDNA, 0.4 μL of forward primer, 0.4 μL of reverse primer, 10 μL of SYBR Premix Ex Taq (TaKaRa Biotechnology, China), 0.4 μL of ROX reference dye (TaKaRa Biotechnology, China) and 6.8 μL of double-distilled water. Each sample was tested in duplicate. PCR consisted of a pre-run at 95°C for 30 s and 40 cycles of denaturation at 95°C for 5 s, followed by a 60°C annealing step for 30 s.
The conditions of the melting curve analysis were as follows: one cycle of denaturation at 95°C for 10 s, followed by an increase in temperature from 65°C to 95°C at a rate of 0.5°C/s. The relative levels of mRNA expression were calculated using the 2 -ΔΔC T method (Livak and Schmittgen, 2001 ) after normalization against the reference gene β-actin. The values of broilers in the control group were used as a calibrator.
Statistical analysis
Data were analyzed by one-way analysis of variance using SPSS statistical software (Ver.16.0 for windows, SPSS Inc., Chicago, IL, USA). Differences among treatments were examined using Duncan's multiple range tests. The differences were considered to be significant at p<0.05. Data are presented as means and their pooled standard errors.
RESULTS
Growth performance
As indicated in Table 3 , broilers fed diets supplemented with vitamin E exhibited similar growth performance (ADG, ADFI, and F:G) to those given basal diet during the 42-day study (p>0.05).
Muscular α-tocopherol retention
Compared with the control group (Table 4) , the concentration of α-tocopherol in the breast muscle was significantly increased by the supplementation of vitamin E (p<0.05), but the content of α-tocopherol in the breast was not affected by vitamin E source (p>0.05). In the thigh, the concentration of α-tocopherol was also significantly enhanced by vitamin E inclusion, and this effect was more pronounced in the natural vitamin E group (p<0.05).
Meat quality
Vitamin E supplementation (Table 5) in either natural or synthetic form significantly increased the redness of breast (p<0.05) when compared with the control group, whereas no difference was observed in the redness of breast between the natural and synthetic vitamin E group (p>0.05). Synthetic vitamin E supplementation also significantly decreased lightness of thigh (p<0.05), but lightness of thigh was not altered by the form of vitamin E (p>0.05). Dietary vitamin E supplementation significantly reduced drip loss at 24 h of thigh muscle (p<0.05), and this effect was maintained for drip loss at 48 h in the natural vitamin E group (p<0.05). However, supplementation of vitamin E did not alter pH value, cooking loss and yellowness of muscles (breast and thigh), drip loss and lightness of breast, and the redness of thigh (p>0.05).
Muscular antioxidant capacity
Broilers given diet supplemented with (Table 6 ) either natural or synthetic vitamin E showed decreased MDA content in the breast (p<0.05) than those given the basal diet. Additionally, natural rather than synthetic vitamin E reduced MDA accumulation in the thigh (p<0.05). However, treatments did not alter activities of T-SOD, T-AOC, and GSH-PX (p>0.05).
Muscular mRNA abundance
Neither natural nor synthetic vitamin E (Table 7 ) supplementation altered muscular mRNA abundance including Nrf2, HO-1, GPX1, and SOD1 as compared with the control group (p>0.05).
DISCUSSION
Many factors would affect vitamin E requirement, including feed composition, dietary selenium, antioxidant occurred in the feed, fat content and its profile. In this study, neither natural nor synthetic vitamin E supplementation altered the growth performance of broilers, which was in agreement with the results of Sheehy et al. (1991) , and Bartov and Frigg (1992) . Recently, Rey et al. (2015) have also demonstrated that performance parameters were not modified by source (natural vs synthetic) and dosage of vitamin E in turkeys. It has been reported that supplementation of vitamin E (α-tocopherol) from 0 to 100 mg/kg did not alter growth performance of chicks given a maize-soya bean meal-soya oil type diet, and it may be due to the fact that vitamin E content in the basal diet (α-tocopherol content in grower and finisher diet was 7 and 6 mg/kg, respectively) would meet the requirement of broilers (Guo et al., 2001) . The similar growth performance among treatments observed in this study may also suggest that vitamin E in the basal diet would meet the requirement and therefore no change was detected with extra vitamin E supplementation.
Dietary vitamin E supplementation, irrespective of sources, increased its retention in tissues (liver and breast muscle) and plasma (Voljč et al., 2011) . In this study, vitamin E supplementation in either natural (D-α-tocopherol) or synthetic (DL-α-tocopherol acetate) form increased α-tocopherol accumulation in the muscles (breast and thigh), and it was consistent with the finding of Nam et al. (1997) who reported that α-tocopherol contents of breast and thigh muscles were significantly increased by vitamin E supplementation. Bioavailability of vitamin E is related to its form. The vitamin E values of feed ingredients are always interpreted in terms of international units, one IU of vitamin E being defined as the specific activity of 1 mg of synthetic DL-α-tocopherol acetate, and it is generally accepted that 1 mg of D-α-tocopherol is equivalent to 1.49 IU vitamin E (McDonald et al., 2011) . In this study, the capacity to increase muscular α-tocopherol accumulation was more pronounced in the D-α-tocopherol group. Similar results were also observed by Rey et al. (2015) in turkeys. Also, more efficient accumulation of the natural form of vitamin E than the synthetic form has been reported in swine Amazan et al., 2014) . The less efficient adsorption of the synthetic DL-α-tocopherol acetate may account for the difference in the muscular retention (Brigelius-Flohé and Traber, 1999) .
Visual appearance of fresh meat influences a consumer's decision to buy a particular meat product, and consumers usually discriminate against surface discoloration of meat. Enhanced meat color through dietary vitamin E supplementation has been demonstrated in swine (Kim et al., 2015) , beef (Sherbeck et al., 1995) and poultry (Rey et al., 2015) . In the present study, vitamin E supplementation increased redness of meat whereas decreased lightness of thigh. Discoloration of meat is known to be closely related with lipid peroxidation (Renerre et al., 1990; Morrissey et al., 1994; Jensen et al., 1998) . The activity of the metmyoglobin reducing systems is believed to be retained for longer periods in meats with reduced lipid oxidation that resulted from vitamin E supplementation, and a positive relationship between dietary vitamin E and improved color stability has also been clearly demonstrated in animals (Sherbeck et al., 1995; Jensen et al., 1998) . Drip loss is considered one of the major quality deterioration factors within the meat industry. Consistent with the results of O'neill et al. (1998) and Li et al. (2009) , vitamin E supplementation also decreased the drip loss of thigh muscle in this study. Protection of membranal lipids against lipid oxidation by vitamin E has been suggested to be the mechanism responsible for the positive influence of dietary vitamin E on the water holding capacity since the integrity of the cell membrane is thought to be associated with drip loss (Asghar et al., 1991) . MDA, the main end product of lipid peroxidation by radical oxygen species, is an important indication of lipid peroxidation. Vitamin E supplementation decreased muscular MDA accumulation. The reduced MDA accumulation was in agreement with the simultaneously enhanced α-tocopherol retention and improved meat quality, which in turn suggested that vitamin E may improve the meat quality by enhancing muscular α-tocopherol content which could inhibit lipid peroxidation as evidenced by reduced generation of MDA. Boler et al. (2009) and Li et al. (2009) also found that vitamin E could prevent lipid oxidation of meat by reducing the generation of thiobarbituric acid reactive substance. In this study, vitamin E supplementation did not alter the T-AOC (an indicator of total antioxidant capacity) and activities of antioxidant enzymes (SOD and GPX) that are key constituents of enzymatic antioxidant system. Similar results were also found by Voljč et al. (2011) in which neither synthetic nor natural vitamin E supplementation affected antioxidant enzymes including SOD, GPX, and glutathione reductase, and the total antioxidant status. Thus, the reduced lipid oxidation in the muscles in this study was most likely to result from enhanced α-tocopherol retention rather than improved enzymatic antioxidant capacity. Nrf2 as a basic leucine zipper transcription factor protects the cell against oxidative stress through antioxidant response elements-mediated induction of several phase 2 detoxifying and anti-oxidant enzymes, including the HO-1, GPX1, and SOD1 (Cho et al., 2002) . However, neither synthetic nor natural vitamin E supplementation altered the muscular mRNA abundances of Nrf2, HO-1, GPX1, and SOD1 in this study. Li et al. (2015) also observed that dietary vitamin E, ferulic acid or their combination supplementation did not alter mRNA expression of genes that involved in Nrf2 path way including nuclear factor erythroid 2-related factor 2-antioxidant response element and GPX1 in pigs. Vitamin E is a highly lipophilic molecule that cannot be directly dispersed into aqueous solutions. Instead, it must be incorporated into an appropriate colloidal delivery system prior to dispersion (Yang and McClements, 2013) . In addition to its biological activity after consumption, encapsulation and carrier selection of vitamin E have also been reported to improve its physicochemical stability during feed manufacture and storage (Reboul et al., 2006; Yang and McClements, 2013) . However, the details regarding the carrier, encapsulation and other manufacture processes cannot be obtained due to commercial sensitivity. Further studies that incorporated both manufacture process and animal trials would be worthy to be conducted when evaluating the bioavailability of nature and synthetic vitamin E.
In conclusion, vitamin E supplementation had no effect on the growth performance and mRNA abundance of genes related to oxidative status of broilers. Vitamin E inclusion especially in the natural form can enhance the retention of muscular α-tocopherol, improve meat quality and muscular antioxidant capacity.
